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Ecology of conflict: marine food 
supply affects human-wildlife 
interactions on land
Kyle A. Artelle1,2,3, Sean C. Anderson1, John D. Reynolds1,3, Andrew B. Cooper4, 
Paul C. Paquet2,5 & Chris T. Darimont2,3,5
Human-wildlife conflicts impose considerable costs to people and wildlife worldwide. Most research 
focuses on proximate causes, offering limited generalizable understanding of ultimate drivers. We 
tested three competing hypotheses (problem individuals, regional population saturation, limited food 
supply) that relate to underlying processes of human-grizzly bear (Ursus arctos horribilis) conflict, using 
data from British Columbia, Canada, between 1960–2014. We found most support for the limited food 
supply hypothesis: in bear populations that feed on spawning salmon (Oncorhynchus spp.), the annual 
number of bears/km2 killed due to conflicts with humans increased by an average of 20% (6–32%  
[95% CI]) for each 50% decrease in annual salmon biomass. Furthermore, we found that across all bear 
populations (with or without access to salmon), 81% of attacks on humans and 82% of conflict kills 
occurred after the approximate onset of hyperphagia (July 1st), a period of intense caloric demand. 
Contrary to practices by many management agencies, conflict frequency was not reduced by hunting or 
removal of problem individuals. Our finding that a marine resource affects terrestrial conflict suggests 
that evidence-based policy for reducing harm to wildlife and humans requires not only insight into 
ultimate drivers of conflict, but also management that spans ecosystem and jurisdictional boundaries.
Human-wildlife conflicts are widespread, occurring when resource use by human and non-human animals over-
lap. Interactions can endanger the safety and well-being of humans and wildlife alike, lead to economic loss, and 
affect the conservation of species by negatively altering public perceptions1–6. Animals typically avoid humans7, 
raising the question of what ultimately causes conflicts to occur when and where they do. We propose that investi-
gating the broader ecological context of conflict (hereafter the ‘ecology of conflict’) might help to explain variation 
in conflict patterns, leading to a better mechanistic understanding and improved prediction and management8–10.
We conceive of conflict as a process emerging from proximate and ultimate drivers. Research usually focuses 
on the former, including human group sizes and behaviours, attractant management, and behaviour of humans 
and wildlife involved (but see6,8,11–13). Proximate inquiry provides important insights for understanding specific 
conflicts and how to avoid them14–16, but renders limited insight into the timing, location, and causes of broader 
conflict patterns. Moreover, proximate investigations rarely yield insights generalizable across taxa.
Herein we use a generalizable, ecological approach to explore patterns of human-wildlife conflict, assessing 
three potential hypotheses of ultimate drivers of conflict. The ‘Problem Individuals’ hypothesis posits that con-
flict frequency is driven by the number of conflict-prone (risk-tolerant/bold) individuals in populations12,17,18, and 
predicts that removing such individuals should reduce subsequent conflict12. Consistent with hunger-mediated 
risk-taking observed across taxa19–22, the ‘Regional Population Saturation’ hypothesis posits that conflict pat-
terns are driven by wildlife populations exceeding regional carrying capacities, causing nutritionally stressed 
individuals to take increased risks, leading to increased conflicts with humans. This hypothesis predicts that pop-
ulation reductions (e.g. by increased hunting) should decrease subsequent conflict. Finally, via a similar reduction 
in per capita food supply (and hunger-mediated pathway), the ‘Food Supply’ hypothesis posits that conflict 
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patterns are driven by changes in regional food supply. It predicts that periods of high conflict should coincide 
with shortages of natural foods23–25. Although not exhaustive, this list of hypotheses allows comparisons of differ-
ent ultimate ecological processes that might commonly drive conflict in many systems.
We assessed the extent to which conflict between humans and grizzly bears (Ursus arctos horribilis) in British 
Columbia (BC), Canada, might be explained by the three proposed ultimate drivers of conflict. Considerable 
inter-annual variation exists in patterns of conflict, represented here by human injury and death from, and conflict 
kills of, grizzly bears from 1960–2014. Similarly, considerable variation exists in patterns of annual human-caused 
mortality (mostly by hunting26), and in annual food availability, especially of spawning Pacific salmon (Oncorhynchus 
spp.), which, in areas where it is available to bear populations, provides a high-caloric and disproportionately impor-
tant food source to which abundance and fitness are directly related27–29. The peak of spawning salmon biomass also 
coincides with hyperphagia, the pre-hibernation period of intensive energetic demand30–33. Our assessment, which 
identifies food supply as the hypothesis with most support, illustrates how using a multiple-hypothesis ecology of 
conflict framework can discriminate among alternate ecological explanations of conflict patterns. Moreover, it illus-
trates that human-wildlife conflict might be affected by ecological processes that are broadly applicable across space, 
time, and taxa, and that might extend well beyond administrative and ecological boundaries.
Results
Temporal and spatial patterns of conflict. Between 1960–2014, severe attacks on humans were rare 
(mean of 1.18/year). Although their frequency increased slightly through time, attacks were episodic, with con-
siderable inter-annual variation (from 0–4/year; Fig. 1A). Most (50 of 62; 81%) occurred late in the year (from 
July-onwards; Fig. 2A). Similarly, between 1980–2014 conflict kills of grizzly bears (involved in human-wildlife 
conflict and killed as a result, either by private citizens or provincial agents) were episodic, increasing somewhat 
over time (Fig. 1B), and primarily occurred late in the year, peaking in autumn (857 of 1042, 82% occurred from 
July-onwards; Fig. 2B). This seasonal pattern was consistent in areas with and without spawning salmon (379 of 
479, 79% occurred from July-onwards in areas with salmon, Fig. 2C; 478 of 563, 85% occurred from July-onwards 
in areas without salmon, Fig. 2D). Conflict-killed bears were typically younger than hunter-killed bears (median 
age of 2 and 5 years, respectively; Supplementary Fig. 1), and occurred closer to towns (median distance of 17 km 
for conflict-killed and 44 km for hunter-killed; Supplementary Fig. 1). Conflict kills were clustered in hotspots, 
mostly where high estimated densities of grizzly bears overlapped with human habitation (Fig. 3).
Predictors of conflict kills. We used model-averaged, hierarchical models to identify associations between 
patterns of conflict (i.e. annual number of conflict-killed bears per km2) and spatial and temporal variation in eco-
logical predictors, and to assess the relative support for our three hypotheses (problem individuals, regional popu-
lation saturation, food supply). Because salmon only spawn in some areas, we fitted two separate model-averaged 
models: a ‘salmon areas’ model that included temporal variation in salmon availability, limited to areas with 
spawning salmon, and a ‘full region’ model that included the full province but excluded salmon availability as a 
predictor. Both models had reasonable fit to the data (e.g. Supplementary Fig. 2).
Spatial predictors accounted for considerable regional differences in conflict patterns in both models (Fig. 4A). 
Areas with larger estimated bear densities had more conflict in the full region model, as did areas with larger 
human densities. We did not find an effect of spatial differences in precipitation and temperatures on conflict 
Figure 1. Number of grizzly bear (Ursus arctos horribilis)-human conflicts by year in British Columbia, 
Canada: (A) Annual number of severe (causing hospitalization) grizzly bear attacks on humans for the whole 
province combined, 1960–2014 (top), and (B) annual number of conflict-killed grizzly bears in areas with 
(black lines) and without (grey lines) spawning salmon, 1980–2014.
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in either model. Similarly, we did not detect a difference in conflict prevalence between areas with and without 
salmon.
Temporal variables revealed support only for the food supply hypothesis. Contrary to the problem individuals 
hypothesis, we did not find that previous conflict kills were associated with subsequent conflict levels, with 95% 
confidence intervals of coefficients that overlapped zero, and with moderate relative variable importance (‘RVI’; 
0.63 for full region and 0.64 for salmon areas model; Fig. 4B, Supplementary Table 1). Contrary to the regional 
population saturation hypothesis, we found little evidence of an effect of previous hunting levels on conflict, and 
low RVI (0.27 for full region and 0.32 for salmon areas; Fig. 4B, Supplementary Table 1). Although we found little 
evidence of an effect of terrestrial food supply on conflict, with 95% confidence intervals of coefficients for annual 
climatic proxies for terrestrial food availability (temperature and precipitation) that overlapped zero, and low RVI 
(0.12 for full region and 0.21 for salmon areas; Fig. 4B), we found the most support for marine-derived food sup-
ply affecting conflict: annual variation in salmon biomass had the highest RVI of all annual variables in the salmon 
areas model (0.93, Fig. 4B, Supplementary Table 1). Years with lower salmon abundance were associated with 
increased conflict (Fig. 4B, Supplementary Table 1). For example, conflict increased by 20% (6%–32% [95% CI]) 
for each 50% decrease in the geometric mean of salmon biomass for a grizzly bear population with average 
salmon variability (Supplementary Fig. 3).
Discussion
Discriminating among hypotheses. Of the three hypotheses assessed, we found most support for the 
food supply hypothesis. Contrary to the predictions of the problem individuals hypothesis, we did not find a 
reduction, but instead a suggestive trend of an increase, in conflict kills following periods with high conflict 
removal of bears. Apparent increases in conflict following increased kills might be explained by a number of 
mechanisms, including, but not limited to, social effects on the hunted populations (e.g.6,34), reduced tolerance of 
humans towards wildlife following recent periods of conflict, or the presence of persistent anthropogenic attract-
ants across multiple years. However, in this particular case the suggestive trend was not substantiated statistically, 
and hence did not constitute evidence of any discernible effect of conflict kills on subsequent conflict. That we 
Figure 2. Number of conflicts between grizzly bears (Ursus arctos horribilis) and humans by month in British 
Columbia, Canada: (A) monthly number of severe grizzly bear attacks on humans from 1960–2014 (n = 64), 
monthly number of conflict-killed grizzly bears from 1980–2014 for (B) the whole province combined 
(n = 1145), (C) for areas with salmon (n = 546), and (D) those without salmon (n = 599). Red vertical line 
indicates approximate onset of most salmon runs.
www.nature.com/scientificreports/
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Figure 3. Hotspots of grizzly bear (Ursus arctos horribilis) conflict kills in British Columbia, Canada, 1978–
2014. Increasingly ‘hot’ colours (yellow to red) represent an increasing density of conflict kills across the study 
period. Darker green areas have higher estimated grizzly population densities (grey areas have no grizzly bears). 
Blue areas are those with a human density ≥ 15 people per km2. Generated with ArcMap 10.2, www.esri.com.
Figure 4. Effect of ecological variables on annual number of conflict-killed grizzly bears (Ursus arctos 
horribilis) in British Columbia, Canada, 1980–2013. Dots represent centred (mean-subtracted) and scaled 
(divided by 2 SD) parameter estimates and thick and thin bars represent the 50% and 95% confidence intervals, 
respectively, from salmon areas (red, with filled circles) and full region (black, with hollow circles) models. 
Relative variable importance values are shown in panel B. Results shown are model-averaged across candidate 
model sets (Supplementary Tables 1 and 2).
www.nature.com/scientificreports/
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did not detect an effect is perhaps not surprising because most conflict involved younger individuals35. If con-
flict-proneness decreases with age, then removing young individuals might not reduce future conflict because 
individuals would become less conflict-prone as they age, with or without management intervention.
Similarly, we did not find support for the regional population saturation hypothesis. Whereas areas with 
higher estimated densities of grizzly bears and humans experienced more conflict, annual hunting intensity had 
no measurable effect on subsequent conflict, suggesting attempted population reduction via hunting might not 
be effective in mitigating conflict (see also24,36,37). Moreover, as in other wildlife systems where hunting is used in 
part to mitigate conflict34, individuals killed by hunters differed from those typically involved in conflict: in our 
system, hunter-killed bears were older and lived farther from human habitation.
We found the most support for the food supply hypothesis, with salmon availability being the annual variable 
with the greatest measured importance for explaining conflict prevalence. However, the use of coarse measures 
might have obscured other effects related to food supply. For example, estimated spawning abundance is a crude 
proxy for salmon availability38,39. In addition, whereas we did not find a strong association with annual climate 
measures (temperature and precipitation), these measures might have limitations as proxies for terrestrial food 
availability. Whereas changes in climate and weather would be expected to affect terrestrial food availability, 
responses among plant species vary considerably40, and weather-related events such as late frosts (e.g.40) or acute 
weather events might have an effect not detectable with the available data. Moreover, given the size and biocli-
matic diversity of British Columbia, a generalizable effect of climate on food availability might not be realistic 
across this large and varied region. We suggest that monitoring of terrestrial food availability, at least where pos-
sible at finer scales, might help to elucidate food-related mechanisms further and provide considerable improve-
ments over the proxies we used. Despite not detecting a relationship with terrestrial foods, most conflict kills in 
all areas occurred in the latter part of the year and peaked in autumn, coincident with hyperphagia. This suggests 
that additional food-related causation might be important, even in areas without salmon (e.g.25,37). Although 
attacks were too rare to model, they similarly peaked during hyperphagia, additionally suggesting food-related 
causation. Although the particularities of hyperphagia’s effects on human-bear conflict are not generalizable to all 
conflict systems, it provides an illustrative example of how the timing of resource need, resource availability, and 
human-wildlife conflict might offer insight into potential ecological associations.
Management considerations. Our findings suggest that reconsidering lethal removals and hunting, 
approaches commonly prescribed by management to reduce conflict4,6,34,41 might be warranted. Removal of indi-
viduals might be considered necessary in some circumstances, such as when individuals exhibit predatory behav-
iour towards humans13,24,42, or when specific individuals are involved in repeated livestock predation3,34. However, 
as we observed, increasing overall rates of removal might not affect subsequent rates of conflict. Improved conflict 
management might instead include addressing underlying ecological stressors, such as protecting or restoring 
natural food (e.g. from overharvest or habitat destruction). Additionally, a focus on understanding the underly-
ing ecology of conflicts could focus limited resources on mitigation efforts (including education and attractant 
management) when and where conflicts are most likely to occur. Predicting conflicts could enable a proactive, 
non-lethal approach to prevention, reducing the impetus for the reactive, often lethal responses that might offer 
only limited benefit in the long term.
Broadly, management conducted without consideration of underlying ecology could lead to errors, and in 
some instances, harm. For example, in cases where increases in conflicts are driven by reduced food supply but are 
assumed to be caused by increasing wildlife population densities (i.e. regional population saturation hypothesis), 
managers might fail to address the underlying issue and instead subject populations already facing stress and 
potential declines to increased lethal control or hunting.
Moreover, in many jurisdictions worldwide, including BC, wildlife populations (and the processes that affect 
them) transcend ecological and/or jurisdictional boundaries, yet are managed by agencies that do not43,44. This 
ecological mismatch limits the ability of agencies to address important ecological drivers of conflict like those 
detected here. For example, in BC, grizzly bears (and human-bear conflict) are managed by the provincial gov-
ernment of British Columbia, whereas the spawning salmon on which many populations depend are managed 
by Fisheries and Oceans Canada. The provincial government has the ability to destroy grizzly bears, but not to 
manage their food, whereas our results suggest the former might be less effective than the latter. Additionally, 
whereas the importance of nutrient subsidies in ecology is well-studied, including in this region (e.g.33,43,45,46), to 
our knowledge it has never before been assessed as a driver of human-wildlife conflict. Effective prevention and 
mitigation of human-conflict might require agencies to manage at more ecologically relevant scales, and man-
age not only conflict-implicated species, but also the foods on which they rely. Similarly, encouraging agencies 
responsible for prey species (e.g. salmon) management to also consider dependent communities of wildlife con-
sumers might help to mitigate the current disconnect. Canada’s ‘Wild Salmon Policy’, which requires ecosystem 
considerations in fisheries allocations47, provides an example of a potential mechanism, though it has yet to be 
implemented48. Applying this policy for mitigating human-wildlife conflict might provide a tractable test case for 
cross-biome ecosystem management while benefiting both ecosystem conservation and human safety.
Ecology of conflict. Our study illustrates a generalizable multiple-hypothesis-testing approach for assessing 
ultimate ecological drivers of human-wildlife conflict. Instead of presenting a single hypothesis for observed pat-
terns, we concurrently weighed support for multiple hypotheses within a single system49. This approach not only 
provides greater confidence in the associations detected, but also is amenable to various taxa, geographies, and 
ecological contexts. For example, whereas food supply seemed to have the greatest impact on conflict patterns in 
our study system, additional mechanisms, including but not limited to our alternate hypotheses, might be at play 
here or elsewhere, might interact with one another, and might be context-dependent. Applying this approach 
www.nature.com/scientificreports/
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broadly might help to increase the understanding of ultimate drivers of human-wildlife conflict in any system, 
while identifying commonalities among human-wildlife conflict systems worldwide.
Methods
We assessed patterns in timing, location, and age of grizzly bears involved in human-wildlife conflict, represented 
by conflict kills of bears and attacks on humans in British Columbia (BC), Canada. We modeled the association 
between annual variation in ecological variables and human-bear conflict frequency. Whereas we were primarily 
interested in inter-annual patterns for assessing the relative support for our three hypotheses, we included spatial 
variables in our model to account for ecological differences among populations.
All analyses were performed at the scale of Grizzly Bear Population Unit (hereafter ‘population’), which is 
designated by the provincial government of BC and is thought to correspond with geographically and genetically 
relevant sub-populations (50; Supplementary Methods). The ‘habitable area’ (area excluding glaciers and water 
bodies) of these populations ranges from 2,698 km2 to 49,268 km2 (mean = 13,316 km2; Supplementary Fig. 4).
Conflict kills. We compiled the annual number of conflict-killed grizzly bears from the ‘Compulsory 
Inspection Database’ (hereafter ‘CID’), which contains the date, location, and cause (e.g. hunt, conflict kill, road 
accident) of all known human-caused grizzly bear deaths in BC, from 1977–201450; Supplementary Methods; 
Supplementary Fig. 5). We also extracted age estimates from the database, which were available for 75% of 
human-caused kills. We used entries only from 1980-onwards because data quality improved considerably after 
this point (T. Hamilton pers. comm.). We excluded conflict kills from areas where grizzly bears are considered 
extirpated or threatened (n = 37; Supplementary Methods) because such kills are anomalies, whereas we were 
interested in generalizable patterns. We included only late-season conflict (occurring from July 1st onwards; 79% 
of recorded conflict kills; Fig. 2) as a response in our models, because abundance of spawning salmon (a predictor 
in our model) and bear predation on salmon peak from summer through autumn51. We used the ArcGIS52 spatial 
analyst kernel density estimator, which uses a quadratic kernel function as described in53 to visualize the spatial 
density (number per km2) of conflict kills.
Attacks. We combined a database of all known dates and locations of attacks in BC from 1960 to 1997 
provided by Stephen Herrero54 with a database of attacks from 1998 to 2014 provided by the BC Ministry of 
Environment. We included only ‘severe’ attacks for both time periods (for which details on hospitalization dif-
fered: pre-1998 severe attacks included fatalities, and injuries requiring > 24 hours of hospitalization, whereas 
from 1998 onwards, when data on hospitalization duration were absent, severe attacks included fatalities, and 
injuries of a severity requiring hospitalization [e.g. dismemberment and broken bones]) when examining trends 
through time. We did this because all severe attacks are recorded by the provincial government, whereas the pro-
portion of ‘minor’ attacks (those not requiring medical attention) recorded is unknown (but see Supplementary 
Fig. 6 for timing of all recorded attacks).
Spatial correlates. We accounted for geographic variation in climate (temperature and precipitation), griz-
zly bear and human population densities, and presence or absence of spawning salmon. To assess climatic differ-
ences among populations we used the program ClimateBC55, which downscales climatic variables obtained from 
weather stations across the province to an 800 m × 800 m resolution with high accuracy (R2 >> 0.9 between most 
predicted and weather-station measurements55,56). We created a 4 km × 4 km grid of points across each popula-
tion’s habitable area (Supplementary Fig. 4) and calculated the log-transformed mean of climate normals (mean 
spring and summer temperatures and log total spring and summer precipitation from 1981–2010) extracted 
at each point. To assess differences in grizzly bear densities among populations, we divided 2012 population 
estimates50 by habitable area in each population and log-transformed the quotient. We used the 2011 Canadian 
census57 for spatial assessments of human densities. We attributed human population counts from the finest spa-
tial scale available (census subdivisions) to each bear population unit based on percent overlap of the two spatial 
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habitable area of population unit
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area of census subdivision overlapped by population unit
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We used a province-wide database of spawning salmon enumerations58 to attribute presence/absence of 
spawning salmon to each population.
Annual correlates. Within each population, we assessed inter-annual variation in number of recent con-
flict kills, number of recent hunting kills, mean spring and summer temperature and precipitation, and annual 
salmon availability to evaluate the relative support for our three hypotheses (problem individuals, regional popu-
lation saturation, food supply). We used climate as a coarse but broadly applicable proxy for terrestrial bear food 
availability because estimates of terrestrial food across BC do not exist, though climate has been linked to food 
availability and human-wildlife conflict elsewhere59. Specifically, given their broad association with net produc-
tivity60, we used measures of temperature and precipitation, during the growing season (spring and summer) of 
vegetative grizzly bear foods, including shoots, sedges, and berries31,40,61,62. We calculated annual values of mean 
www.nature.com/scientificreports/
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spring and summer temperature and log-transformed total precipitation from ClimateBC values extracted from 
a 4 km × 4 km grid of points across each population. We calculated the number of hunting and conflict kills in 











Within each population, recent hunt and conflict kills were scaled by 2 standard deviations with the mean 
subtracted, providing a measure of inter-annual variation scaled to the magnitude and variability of these meas-
ures in each population. We did not include human population as an annual predictor because such data do not 
exist annually, and there was little temporal variation among censuses in this period. Similarly, we did not include 
inter-annual variation in grizzly bear densities because such data do not exist in BC26. We assessed inter-annual 
variation in spawning salmon biomass across the province from 1980 to 2013, using the Fisheries and Oceans 
Canada nuSEDS database (Supplementary Methods58; see63,64 for caveats). At each salmon count location 
(Supplementary Fig. 7), we calculated the annual biomass of each species individually, omitting species-stream 
time series with data missing for more than eight years total, or for three or more consecutive years. We estimated 
missing counts in the remaining time series by multiple imputation with a Ricker-logistic model fitted to each 
stream and species (Supplementary Methods; Supplementary Fig 8). We attributed each stream salmon count 
location to a bear population unit and calculated the total annual salmon biomass for each population as the 
geometric mean of annual stream biomasses of all salmon species combined (Supplementary Methods). Within 
each bear population, annual biomass was scaled by 2 standard deviations with the mean subtracted, providing a 
measure of inter-annual variation scaled to the abundance and variability of salmon in each population.
Analyses. We assessed associations between ecological correlates and conflict patterns using the R65 package 
glmmADMB, which estimates parameters by maximizing likelihood66. We used a hierarchical modeling approach 
combining variables that vary spatially among populations with those that vary temporally within each popula-
tion (Equation 3). We centred and scaled all predictors (subtracted the mean from each observation and divided 
by 2 standard deviations) to facilitate meaningful comparisons of effect sizes among predictors67. We ran ‘full 
region’ models that included all populations, and ‘salmon areas’ models restricted to populations with estimated 
salmon availability. We visually inspected residuals plotted against each predictor and the fitted values and did 
not detect any remaining strong patterns. Similarly, we visually assessed autocorrelation in residuals and observed 
little spatial autocorrelation, and substantial temporal autocorrelation in only one population (excluding this pop-
ulation had no qualitative effect on our results), so we did not include autocorrelation terms for model simplicity.
We modelled the number of conflict-killed bears (y) per unit area (km2) in year i and population unit j as
µ φ
µ α α β β
α σ
∼
= + + + +
∼ α
( )y Negative binomial




i j i j
i j j j i j annual j spatial
j
[ ] [ ]
[ ] [ ]
2
where μ i[j] and φ represent the mean and size parameters of the ‘NB2’ parameterization of the negative binomial 
distribution68 in glmmADBM, which was used because our data were over-dispersed (φ in fitted model estimated 
as 0.72 for salmon areas and 0.62 for full region model); Xi[j] represents a vector of annual predictors (salmon 
biomass, recent conflict kills, recent hunt kills, mean spring and summer temperature, total spring and summer 
precipitation) with associated βannual coefficients; and Zj represents a vector of spatial predictors (grizzly popula-
tion density, human population density, mean spring and summer temperature, mean total spring and summer 
precipitation, salmon present [yes/no]) with associated βspatial coefficients. The α j term represents random devia-
tions from the overall intercept α that vary with population unit and have variance σα
2. The termlog areaj is an 
offset term representing the habitable area of each population.
We used an information theoretic approach69, whereby we assessed relative variable importance to weigh 
support for our hypotheses, and conducted model averaging across two sets of candidate models (‘full region’ and 
‘salmon areas’; Supplementary Table 2). Spatial predictors were used to account for spatial differences in conflict 
patterns and allow for inference about our temporal hypotheses. We assessed support for our three hypotheses 
using coefficient estimates and variable importance of temporal predictors in the two model-averaged models. 
For the problem individuals hypothesis we assessed previous 3 years of conflict kills, for the regional population 
saturation hypothesis we assessed previous 3 years of hunting kills, and for the food supply hypothesis we assessed 
marine-derived food using salmon availability (salmon areas model only), and terrestrial food using climatic var-
iables (annual precipitation and mean temperature; both models) combined. All analyses were performed using 
R 3.1.265 (for code and source data see github.com/kartelle/ecology-of-conflict/).
In describing overall patterns of conflict, we used all data available (spanning 1960 to 2014), whereas we were 
limited to data from 1980 to 2013 for modeling purposes because the salmon database and climate data we used 
did not extend beyond 2013, and reliable conflict-killed bear data were only available from 1980-onwards.
References
1. Treves, A. & Karanth, K. U. Human-carnivore conflict and perspectives on carnivore management worldwide. Conserv. Biol. 17, 
1491–1499 (2003).
2. Distefano, E. Human-wildlife conflict worldwide: collection of case studies, analysis of management strategies and good practices. (Food 
and Agricultural Organization of the United Nations (FAO), Sustainable Agriculture and Rural Development Initiative (SARDI), 
2005).
www.nature.com/scientificreports/
8Scientific RepoRts | 6:25936 | DOI: 10.1038/srep25936
3. Woodroffe, R., Thirgood, S. & Rabinowitz, A. (eds) People and wildlife, conflict or co-existence? (Cambridge University Press, (2005).
4. Treves, A., Wallace, R. B., Naughton-Treves, L. & Morales, A. Co-managing human–wildlife conflicts: a review. Hum. Dimens. Wildl. 
11, 383–396 (2006).
5. Clark, D. A. & Slocombe, S. Adaptive co-management and grizzly bear-human conflicts in two northern Canadian aboriginal 
communities. Hum. Ecol. 39, 627–640 (2011).
6. Fernández-Gil, A. et al. Conflict Misleads Large Carnivore Management and Conservation: Brown Bears and Wolves in Spain. Plos 
ONE 11, e0151541 (2016).
7. Smith, T. S., Herrero, S. & DeBruyn, T. D. Alaskan brown bears, humans, and habituation. Ursus 16, 1–10 (2005).
8. Treves, A. et al. Predicting human-carnivore conflict: a spatial model derived from 25 years of data on wolf predation on livestock. 
Conserv. Biol. 18, 114–125 (2004).
9. von der Porten, M. Mitigating human-black bear conflicts by understanding spatial patterns and associated site characteristics, 
Master Thesis, Simon Fraser University (2010).
10. Teichman, K. J., Cristescu, B. & Nielsen, S. E. Does sex matter? Temporal and spatial patterns of cougar-human conflict in British 
Columbia. Plos ONE 8, e74663 (2013).
11. Stringham, S. F. Effects of climate, dump closure, and other factors on Yellowstone grizzly bear litter size. Bears Their Biol. Manag. 6, 
33–39 (1986).
12. Linnell, J. D. C., Odden, J., Smith, M. E., Aanes, R. & Jon E. Swenson. Large carnivores that kill livestock: do ‘problem individuals’ 
really exist? Wildl. Soc. Bull. 27, 698–705 (1999).
13. Beckmann, J. P. & Berger, J. Rapid ecological and behavioural changes in carnivores: the responses of black bears (Ursus americanus) 
to altered food. J. Zool. 261, 207–212 (2003).
14. Herrero, S. Bear attacks: their causes and avoidance. (Nick Lyons Books, 1985).
15. Ciarniello, L. M. Reducing human-bear conflicts: solutions through better management of non-natural foods. (Westworth, Brusnyk & 
Associates, 1997).
16. Gore, M. L., Knuth, B. A., Curtis, P. D. & Shanahan, J. E. Education programs for reducing American black bear-human conflict: 
indicators of success? Ursus 17, 75–80 (2006).
17. Wilson, D. S., Clark, A. B., Coleman, K. & Dearstyne, T. Shyness and boldness in humans and other animals. Trends Ecol. Evol. 9, 
442–446 (1994).
18. Wolf, M. & Weissing, F. J. Animal personalities: consequences for ecology and evolution. Trends Ecol. Evol. 27, 452–461 (2012).
19. Damsgird, B. & Dill, L. M. Risk-taking behavior in weight-compensating coho salmon, Oncorhynchus kisutch. Behav. Ecol. 9, 26–32 
(1998).
20. Godin, J.-G. J. & Crossman, S. L. Hunger-dependent predator inspection and foraging behaviours in the threespine stickleback 
(Gasterosteus aculeatus) under predation risk. Behav. Ecol. Sociobiol. 34, 359–366 (1994).
21. Morton, B. & Chan, K. Hunger rapidly overrides the risk of predation in the subtidal scavenger Nassarius siquijorensis (Gastropoda: 
Nassariidae): an energy budget and a comparison with the intertidal Nassarius festivus in Hong Kong. J. Exp. Mar. Biol. Ecol. 240, 
213–228 (1999).
22. Lima, S. L. & Dill, L. M. Behavioral decisions made under the risk of predation: a review and prospectus. Can. J. Zool. 68, 619–640 
(1990).
23. Gunther, K. A. et al. Grizzly bear–human conflicts in the Greater Yellowstone ecosystem, 1992–2000. Ursus 15, 10–22 (2004).
24. Baruch-Mordo, S. et al. Stochasticity in natural forage production affects use of urban areas by black bears: implications to 
management of human-bear conflicts. Plos ONE 9, e85122 (2014).
25. Johnson, H. E. et al. Shifting perceptions of risk and reward: Dynamic selection for human development by black bears in the 
western United States. Biol. Conserv. 187, 164–172 (2015).
26. Artelle, K. A. et al. Confronting uncertainty in wildlife management: performance of grizzly bear management. Plos ONE 8, e78041 
(2013).
27. Hilderbrand, G. et al. The importance of meat, particularly salmon, to body size, population productivity, and conservation of North 
American brown bears. Can. J. Zool. 77, 132–138 (1999).
28. Mowat, G. & Heard, D. C. Major components of grizzly bear diet across North America. Can. J. Zool. 84, 473–489 (2006).
29. Van Daele, M. B. et al. Salmon consumption by Kodiak brown bears (Ursus arctos middendorffi) with ecosystem management 
implications. Can. J. Zool. 91, 164–174 (2013).
30. Nelson, R. A. et al. Behavior, biochemistry, and hibernation in black, grizzly, and polar bears. Bears Their Biol. Manag. 5, 284–290 
(1983).
31. Robbins, C. T., Schwartz, C. C. & Felicetti, L. A. Nutritional ecology of ursids: a review of newer methods and management 
implications. Ursus 15, 161–171 (2004).
32. McDonough, T. J. & Christ, A. M. Geographic variation in size, growth, and sexual dimorphism of Alaska brown bears, Ursus arctos. 
J. Mammal. 93, 686–697 (2012).
33. Schindler, D. E. et al. Riding the crimson tide: mobile terrestrial consumers track phenological variation in spawning of an 
anadromous fish. Biol. Lett. 9, 20130048 (2013).
34. Treves, A. Hunting for large carnivore conservation. J. Appl. Ecol. 46, 1350–1356 (2009).
35. Elfström, M. et al. Does despotic behavior or food search explain the occurrence of problem brown bears in Europe? J. Wildl. Manag. 
78, 881–893 (2014).
36. Treves, A., Kapp, K. J. & MacFarland, D. M. American black bear nuisance complaints and hunter take. Ursus 21, 30–42 (2010).
37. Obbard, M. E. et al. Relationships among food availability, harvest, and human-bear conflict at landscape scales in Ontario, Canada. 
Ursus 25, 98–110 (2014).
38. Boulanger, J., Himmer, S. & Swan, C. Monitoring of grizzly bear population trends and demography using DNA mark-recapture 
methods in the Owikeno Lake area of British Columbia. Can. J. Zool. 82, 1267–1277 (2004).
39. Housty, W. G. et al. Grizzly bear monitoring by the Heiltsuk people as a crucible for First Nation conservation practice. Ecol. Soc. 19, 
70 (2014).
40. Krebs, C. J., Boonstra, R., Cowcill, K. & Kenney, A. J. Climatic determinants of berry crops in the boreal forest of the southwestern 
Yukon. Botany 87, 401–408 (2009).
41. Peebles, K. A., Wielgus, R. B., Maletzke, B. T. & Swanson, M. E. Effects of remedial sport hunting on cougar complaints and livestock 
depredations. Plos One 8, e79713 (2013).
42. Costello, C. M. et al. Influence of whitebark pine decline on fall habitat use and movements of grizzly bears in the Greater 
Yellowstone Ecosystem. Ecol. Evol. 4, 2004–2018 (2014).
43. Darimont, C. T. et al. Salmon for terrestrial protected areas. Conserv. Lett. 3, 379–389 (2010).
44. Ruttenberg, B. I. & Granek, E. F. Bridging the marine–terrestrial disconnect to improve marine coastal zone science and 
management. Mar. Ecol. Prog. Ser. 434, 203–212 (2011).
45. Hocking, M. D. & Reynolds, J. D. Impacts of salmon on riparian plant diversity. Science 331, 1609–1612 (2011).
46. Field, R. D. & Reynolds, J. D. Ecological links between salmon, large carnivore predation, and scavenging birds. J. Avian Biol. 44, 
009–016 (2013).
47. Fisheries and Oceans Canada. Canada’s policy for conservation of wild Pacific salmon. (2005). Available at http://www.pac.dfo-mpo.
gc.ca/publications/pdfs/wsp-eng.pdf. (Accessed: 08/04/2015)
www.nature.com/scientificreports/
9Scientific RepoRts | 6:25936 | DOI: 10.1038/srep25936
48. Levi, T. et al. Using Grizzly Bears to Assess Harvest-Ecosystem Tradeoffs in Salmon Fisheries. PLoS Biol 10, e1001303 (2012).
49. Chamberlin, T. C. The method of multiple working hypotheses. Science 148, 754–759 (1965).
50. British Columbia Ministry of Environment, Fish, Wildlife and Habitat Branch. Grizzly bear hunting: frequently asked questions. 
(2010). Available at: www.env.gov.bc.ca/fw/wildlife/management… /grizzly_bear_faq.pdf. (Accessed: 26/09/2012)
51. Hilderbrand, G. V., Jenkins, S., Schwartz, C., Hanley, T. & Robbins, C. Effect of seasonal differences in dietary meat intake on 
changes in body mass and composition in wild and captive brown bears. Can. J. Zool. 77, 1623–1630 (1999).
52. ESRI (2013). ArcMap 10.2. Redlands, United States. Available at: http://www.esri.com
53. Silverman, B. W. Density estimation for statistics and data analysis. 26, (CRC press, 1986).
54. Herrero, S. & Higgins, A. Human injuries inflicted by bears in British Columbia: 1960-97. Ursus 11, 209–218 (1999).
55. Wang, T., Spittlehouse, D. & Hamann, A. (2015). ClimateBC v5.10 A program to generate climate normal, annual, seasonal and 
monthly data for historical and future periods in British Columbia. Vancouver, Canada. Available at: cfcg.forestry.ubc.ca/projects/
climate-data/climatebcwna/
56. Spittlehouse, D. & Wang, T. Evaluation of ClimateBC V5. (2014). Available at http://climatemodels.forestry.ubc.ca/climatebc/
downloads/ClimateBCv5_evaluation.pdf. (Accessed: 14/02/2015)
57. Statistics Canada. 2011 Census: Population and dwelling counts. (Statistics Canada, 2011).
58. FOC. NuSEDS regional adult salmon escapement database 1950-2013. (Fisheries and Oceans Canada, Pacific Biological Station, 
Nanaimo, BC, 2014).
59. Zack, C. S., Milne, B. T. & Dunn, W. C. Southern oscillation index as an indicator of encounters between humans and black bears in 
New Mexico. Wildl. Soc. Bull. 31, 517–520 (2003).
60. Del Grosso, S. et al. Global potential net primary production predicted from vegetation class, precipitation, and temperature. 
Ecology 89, 2117–2126 (2008).
61. Holden, Z. A., Kasworm, W. F., Servheen, C., Hahn, B. & Dobrowski, S. Sensitivity of berry productivity to climatic variation in the 
Cabinet–Yaak grizzly bear recovery zone, Northwest United States, 1989–2010. Wildl. Soc. Bull. 36, 226–231 (2012).
62. Welch, C. A., Keay, J., Kendall, K. C. & Robbins, C. T. Constraints on frugivory by bears. Ecology 78, 1105–1119 (1997).
63. Price, M. H. H., Darimont, C. T., Temple, N. F. & MacDuffee, S. M. Ghost runs: management and status assessment of Pacific salmon 
(Oncorhynchus spp.) returning to British Columbia’s central and north coasts. Can. J. Fish. Aquat. Sci. 65, 2712–2718 (2008).
64. Bryan, H. M., Darimont, C. T., Paquet, P. C., Wynne-Edwards, K. E. & Smits, J. E. G. Stress and reproductive hormones reflect inter-
specific social and nutritional conditions mediated by resource availability in a bear–salmon system. Conserv. Physiol. 2, doi: 
10.1093/conphys/cou010 (2014).
65. R Core Team (2015). R: a language and environment for statistical computing. R Foundation for Statistical Computing. Vienna, 
Austria. Available at www.r-project.org
66. Skaug, H., Fournier, D., Nielsen, A., Magnusson, A. & Bolker, B. (2013). Generalized linear mixed models using AD Model Builder 
version 0.8. Available at http://glmmadmb.r-forge.r-project.org
67. Gelman, A. Scaling regression inputs by dividing by two standard deviations. Stat. Med. 27, 2865–2873 (2008).
68. Hilbe, J. M. Negative binomial regression. (Cambridge University Press, 2011).
69. Burnham, K. P. & Anderson, D. R. Model selection and multi-model inference: a practical information-theoretic approach. (Springer, 
2002).
Acknowledgements
We thank the Earth to Oceans Research Group, Raincoast Conservation Foundation, the Applied Conservation 
Science lab, and Tom Reimchen for feedback on the research, the British Columbia Ministry of Environment and 
Conservation Officer Service for data, advice, and feedback, Stephen Herrero for sharing data, and Andrea Meyn 
for guidance in data preparation. KAA was supported by Natural Sciences and Engineering Research Council of 
Canada (NSERC CGSA [Alexander Graham Bell Supplement] and Vanier Fellowship), C.D. Nelson Memorial 
Foundation, Anne Vallée Ecological Fund, and a scholarship funded by the Tula Foundation through the Hakai 
Network for Coastal Peoples and Ecosystems. SCA was supported by Simon Fraser University and a David H. 
Smith Conservation Research Fellowship; PCP by the Wilburforce Foundation; JDR by an NSERC Discovery 
Grant (341481), the Tom Buell endowment, the Pacific Salmon Foundation, and the BC Leading Edge Fund; 
and CTD by an NSERC Discovery Grant (435683) as well as the Moore, Tula, Wilburforce, and Willow Grove 
Foundations. We thank two anonymous reviewers for improving this manuscript considerably.
Author Contributions
C.T.D. conceived the project to examine food-conflict relationships. K.A.A. developed the idea into multiple 
hypotheses. K.A.A. and C.T.D. designed the study. K.A.A. and S.C.A. performed the analyses and created the 
figures. A.B.C. provided statistical guidance. J.D.R., C.T.D. and P.C.P. provided conceptual guidance. All authors 
contributed to the writing and reviewing of the manuscript.
Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Artelle, K. A. et al. Ecology of conflict: marine food supply affects human-wildlife 
interactions on land. Sci. Rep. 6, 25936; doi: 10.1038/srep25936 (2016).
This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
